Introduction
============

*Burkholderia mallei* (Bm) is a pathogen that is not found outside its mammalian host ([@bib39]), yet its genome is highly similar to that of *Burkholderia pseudomallei* (Bp), a versatile, saprophytic pathogen endemic to the warm, wet soils of South East Asia and Northern Australia ([@bib7]). Bm causes glanders in equids, usually resulting in chronic infections but can cause fatal, acute infection in humans and other domesticated mammals. Its historical use as a biological weapon has led the Centers for Disease Control and prevention to classify Bm and Bp as category B select agents. Bp causes the human disease melioidosis and has been associated with disease in numerous hosts beyond mammals, including birds, reptiles, and even survival inside amoeba ([@bib18]).

It has been suggested that Bm evolved from a single strain of Bp, after an ancestral strain infected an animal host and then lost genes not required for survival in the host, ultimately becoming an obligate pathogen ([@bib14]; [@bib32]). This hypothesis is supported by the genomic similarity shared by two reference strains: both Bp K96243 and Bm ATCC23344 possess two circular chromosomes, nearly all Bm genes have orthologs in Bp, and Bp has roughly 1,200 additional genes. The versatility of Bp's host range and living environments is reflected in the species' genome. For example, there exist a wide array of genomic islands (GIs) variably represented across different Bp strains that give each strain different characteristics ([@bib43]; [@bib48]; [@bib49]). Moreover, it is proposed that these GIs were acquired via horizontal gene transfer from other soil saprophytes, consistent with a life in diverse environments outside of a host. Lastly, different GIs are present in strains isolated from different regions of the world ([@bib43]; [@bib48]; [@bib49]), demonstrating that the genomes are adapted to different environmental conditions. In contrast, the underlying mechanism for host and environmental restriction in Bm is not clearly understood.

These observations are similar to those in other bacterial genera where a "host-generalist" pathogen (in this case Bp) has undergone genome erosion ([@bib33]) that resulted in a "host-restricted" pathogen (Bm). Bm appears to be in an intermediate stage of erosion similar to *Shigella flexneri*, *Salmonella typhi*, *Francisella tularensis* ([@bib33]). Genome evolution in bacterial pathogens is a dynamic process that can occur over long periods of time but also during the span of short infections in a host ([@bib35]; [@bib22]). Under great selective pressures, such as survival in a host, unnecessary or deleterious genes could mutate rapidly or be lost entirely. Recombination across repeated sequences in a genome can lead to rapid gene mutation and loss. The genomes of Bp and Bm have very high contents of simple sequence repeats and IS elements that could have mediated recombination, resulting in the common gene disruptions, genomic inversions, translocations, duplications, and deletions observed in the reference Bm genome ([@bib32]). However, the extent of these gene losses and rearrangements across multiple Bm isolates has not been studied, and thus, it is unknown how common these events have been across the species.

We hypothesized that comparative genomic analysis of several Bm and Bp genomes would reveal a core set of genes essential for survival and virulence in a mammalian host, and elucidate genes involved in environmental survival. In addition, the analysis would also clarify the evolutionary process from a Bp ancestor to a modern Bm genome. Our results provide strong evidence for the evolution of Bm from a single ancestral Bp strain whose genome eroded through IS-mediated elimination of clusters of genes. The analysis suggests that the deleted genes were those that contributed to survival of Bp in the environment but were nonessential to the life of Bm as a mammalian pathogen. In addition, several clusters of genes were variably lost from different Bm strains, suggesting that the Bm genomes still contain genes that are under reduced selection in the equid host and might be unnecessary for survival in the host. Last, the results show that the Bm continues to undergo genomic erosion that can lead to reduced virulence.

Materials and Methods
=====================

Bacterial Strains
-----------------

Seven *B. mallei* strains and eight Bp strains were selected for sequencing and analysis based on geographic origin and virulence status ([table 1](#tbl1){ref-type="table"}).

###### 

*Burkholderia mallei* and *B. pseudomallei* Strains Used in This Study

                                                                                                                                                      Size (bp)                       
  ------------------------ -------------------------------------------------- --------------------------------------------- ------------------- ----- ----------- ----------- ------- -------------
  *B. mallei*                                                                                                                                                                         
      ATCC23344 [@bib32]   NC_006348, NC_006349                               Yes[b](#tblfn2){ref-type="table-fn"}          Burma 1944          40    3,510,148   2,325,379   5,229   1,773 (34%)
      NCTC10229            NC_008836, NC_008835                               Yes[b](#tblfn2){ref-type="table-fn"}          Hungary 1961        40    3,458,208   2,284,095   5,519   2,063 (37%)
      NCTC10247            NC_009080, NC_009079                               Attenuated[b](#tblfn2){ref-type="table-fn"}   Turkey 1960         100   3,495,687   2,352,693   5,869   2,413 (41%)
      SAVP1                NC_008785, NC_008784                               No                                            [@bib41]            40    3,497,479   1,734,922   5,200   1,744 (33%)
      2002721280           NZ_AANX00000000[c](#tblfn3){ref-type="table-fn"}   No[b](#tblfn2){ref-type="table-fn"}           Pasteur Institute   40    ---         ---         5,300   2,239 (35%)
      ATCC10399            NZ_AAHN00000000[c](#tblfn3){ref-type="table-fn"}   Yes[b](#tblfn2){ref-type="table-fn"}          China 1942          40    ---         ---         5,749   1,844 (40%)
      PRL-20               NZ_AAZP00000000[c](#tblfn3){ref-type="table-fn"}   Yes                                           Pakistan 2005       40    ---         ---         5,469   2,013 (37%)
  *B. pseudomallei*                                                                                                                                                                   
      K96243 [@bib17]      NC_006350, NC_006351                               Yes                                           Thailand 1996       10    4,074,542   3,173,005   6,324   688 (11%)
      1106a                NC_009076, NC_009078                               Yes                                           Thailand 1993       70    3,988,455   3,100,794   7,187   1551 (21%)
      1710b                NC_007434, NC_007435                               Yes                                           Thailand 1999       177   4,126,292   3,181,762   7,088   1452 (20%)
      668                  NC_009074, NC_009075                               Yes                                           Australia 1995      129   3,912,947   3,127,456   7,232   1388 (19%)
      1655                 NZ_AAHR00000000[c](#tblfn3){ref-type="table-fn"}   Yes                                           Australia 2003      131   ---         ---         6,980   1344 (19%)
      406e                 NZ_AAMM00000000[c](#tblfn3){ref-type="table-fn"}   Yes                                           Thailand 1988       211   ---         ---         6,880   1244 (18%)
      S13                  NZ_AAHW00000000[c](#tblfn3){ref-type="table-fn"}   Yes                                           Singapore           51    ---         ---         7,217   1581 (22%)
      Pasteur 52237        NZ_AAHV00000000[c](#tblfn3){ref-type="table-fn"}   Yes                                           Viet Nam            411   ---         ---         7,154   1518 (21%)

Core genome is 3,456 genes for Bm and 5,636 for Bp.

Virulence determined by Syrian hamster infection model. Three groups of female Syrian hamsters (five per group) were infected by the intraperitoneal route with a range of 10^1^--10^3^ cfu for each strain of *B. mallei* examined. Mortality was recorded daily for 14 days and on day 15, the surviving animals from each group were euthanized.

WGS, whole-genome shotgun sequencing (unfinished).

Sequencing and Annotation
-------------------------

The Bm type strain ATCC23344 was previously sequenced ([@bib32]). Three Bm strains (NCTC10229, NCTC10247, and SAVP1) were sequenced with full closure and manually annotated using approaches previously described ([@bib32]). The remaining three (2002721280, ATCC10399, and PRL-20) were sequenced to 8× Sanger sequence coverage by the whole-genome shotgun method ([@bib13]) without closure, assembled using Celera Assembler ([@bib28]), and contigs oriented by alignment to the reference strain ATCC23344 using PROMER ([@bib9]). Open reading frames (ORFs) were predicted and annotated automatically using GLIMMER ([@bib38]; [@bib8]). Pseudochromosomes were constructed from the ordered scaffolds, using manual examination where necessary. Bp strains 1106a, 1710b, and 668 were sequenced with full closure and manual annotation, whereas 1655, 406e, S13, and Pasteur 52237 were sequenced without closure and annotated automatically to 8× coverage. The Bp type strain K96243 was downloaded for analysis ([@bib17]).

Analysis of Functional Role Categories
--------------------------------------

Proportions of genes in each functional role category were calculated for each strain and then averaged over all seven Bm strains, over four virulent Bm strains, or over three avirulent Bm strains. *T*-tests were performed on the square root transformed percentage data to determine the significance of the difference between core and variable genes.

Identification of Shared and Strain-Specific Genes
--------------------------------------------------

Coding sequences (CDSs) from each strain were aligned against the whole-genome sequence of every other strain using the Program to Assemble Spliced Alignments ([@bib16]). All CDSs that could not be aligned were thus assumed to be specific to that strain relative to the strain against which it was aligned.

Identification of Paralogs
--------------------------

CD-Hit was used to identify paralogs with 90% amino acid sequence identity within each of the Bm genomes.

Pan-Genome Analysis
-------------------

The pan-genome analysis was carried out as described previously ([@bib44]). Very briefly, after sequentially comparing the seven Bm strains and the eight Bp strains in all possible combinations, the size of the species core- and pan-genomes were extrapolated (for detailed statistical calculations, see [@bib44]). The core genome analysis was also conducted using OrthoMCL with a Blast *e* value cutoff of 1 × 10^−5^ and an inflation parameter of 1.5. The OrthoMCL output was used to construct tables of shared orthologs and strain-specific genes.

Whole-Genome Alignments
-----------------------

WebACT ([@bib1]) and the multigenome homology tools at the Pathema web site (<http://pathema.jcvi.org>) were used to generate alignment images with *e* value cutoff of 1 × 10^−5^.

Construction of Species Tree
----------------------------

First, orthologous proteins (60--80% identical over at least 90% of their length) from Bm ATCC23344, Bp K96243, *B. thailandensis* E264, and *B. cenocepacia* AU 1065 were identified by cluster analysis. From this set, all proteins annotated as "putative," "domain," "family," and "related," as well as all hypothetical and unknown proteins, were eliminated. The selected proteins from each of the four species were concatenated and searched individually against the complete protein sets of *B. ambifaria* MC40-6, *B. cepacia* AMMD, *B. multivorans* ATCC17616, *B. phymatum* STM815, *B. phytofirmans* PsJN, *B. vietnamiensis* G4, *B. xenovorans* LB400, and *Pseudomonas aeruginosa* PA7 using BlastP to identify orthologs from these species. The final set, which consisted of 56 proteins from each of the 12 species that were 60--80% identical over at least 95% of their length, were aligned using Muscle ([@bib12]) then concatenated ([supplementary table 1](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1) online). Bootstrapped maximum likelihood trees were calculated from the concatenated protein set using the PHYLIP package applying the JTT substitution model with a gamma distribution (α = 0.5) of rates over four categories of variable sites, and a consensus tree was produced from the bootstrap replicates. Bootstrapped maximum parsimony and Neighbor-Joining trees were also created by PHYLIP, using the default parameters for those methods.

Identification of Orthologous Genes and Evolutionary Comparisons (dN/dS Analysis)
---------------------------------------------------------------------------------

Orthologous gene pairs were compiled from eight Bm strains by identifying symmetrical best hits between proteins from the reference strain ATCC23344 and the other seven Bm genomes using BlastP (<http://www.ncbi.nlm.nih.gov/>BLAST/) with a cutoff of 1 × 10^−10^. Nucleotide sequence alignments were produced for orthologous pairs of ATCC23344 and each other Bm strain using MUSCLE and OWEN ([@bib34]; [@bib12]). Alignments of CDSs were guided by their corresponding amino acid sequence alignments ([@bib20]). In cases where greater than 30% of the gaps or annotated regions of putative orthologs did not align or where pairs of sequences aligned perfectly (100% similarity), the sequence pairs were removed from further analysis. dN and dS values were calculated by Nei--Gojobori method ([@bib31]; [@bib52]). Overall, 1,018 and 219 detailed alignments were generated from the original 4,197 core and 996 variable Bm genes, respectively, and dN/dS ratios were estimated. Differences between rates of synonymous (dS) and nonsynonymous (dN) substitutions in the variable and core coding regions were analyzed with the Wilcoxon rank sum test.

Results
=======

Genome Features
---------------

Bm was reported to have evolved from a single strain of Bp that became highly adapted to its mammalian host ([@bib14]). In order to determine whether Bm was the result of genome reduction and clarify the mechanism of the proposed host adaptation, six Bm strains and seven Bp strain were sequenced and used in whole-genome comparative analyses. Each of the strains sequenced was selected based on their geographical or clinical isolation ([table 1](#tbl1){ref-type="table"}). Among the Bm strains, two were avirulent in a Syrian hamster model (SAVP1 and 2002721280) and one had reduced virulence (NCTC10247). The genome sizes of the seven sequenced Bm strains were similar, averaging 5.7 Mb ([table 1](#tbl1){ref-type="table"}). However, chromosome II of strain SAVP1 was significantly smaller than the other fully sequenced strains. The eight sequenced Bp strains averaged 7.2 Mb, approximately 1.5 Mb larger than that of Bm, and the corresponding chromosomes of the four fully sequenced and closed strains were relatively similar in size.

The genomic diversity among seven housekeeping genes in Bm and Bp strains was studied using multilocus sequence type (MLST) analysis ([@bib26]). Despite the differences in geographical distribution or virulence, all but one of the Bm strains belonged to the same MLST (<http://bpseudomallei.mlst.net/>; [table 1](#tbl1){ref-type="table"}), suggesting a lack of genetic diversity. The two identified MLST groups differed only in one nucleotide within the *gltB* locus, further demonstrating a highly similar genetic landscape. These results were consistent with [@bib6] who found that 21 isolates of Bm belonged to only one MLST type. In contrast, each of the eight Bp strains belonged to a different MLST group ([table 1](#tbl1){ref-type="table"}), and none of the Bp MLST groups matched the Bm MLST groups. Based on MLST relatedness, K96243 is the closest sequenced Bp relative, although there exist several Bp isolates with closer MLST profiles whose genome sequence is not known ([@bib14]). Combined, the genome properties and MLST data provide evidence for the clonal evolution of Bm from a single Bp ancestor.

Bm Lost Large Clusters of Bp Genes Associated with Environmental Survival
-------------------------------------------------------------------------

To better understand the genome reduction among Bm strains, we performed reciprocal comparisons of all CDSs of each strain of one species with the genome sequence of each strain of the other species. The results showed that, as expected, many genes were Bp-specific relative to Bm (ranging from 1,122 to 1,488), whereas only very few (0--8) Bm-specific genes exist (data not shown). All the Bm-specific genes were either hypothetical proteins or phage integrases, presumably relics from a Bp ancestor. Interestingly, roughly 40% of the Bp-specific genes were clustered in the Bp genome and mapped to the GIs identified previously ([@bib17]; [@bib48]; [@bib49]; [fig. 1](#fig1){ref-type="fig"}). Furthermore, none of the GIs from the sequenced *B. pseudomallei* genomes are represented in any of the Bm genomes (data not shown). Almost all the remaining 60% of Bp-specific genes also clustered in the genome ([fig. 1](#fig1){ref-type="fig"}) and, in some cases, were deletions surrounding the GIs, similar to the observation made in a wide panel of Bp isolates ([@bib43]). The loss of these GIs could explain why Bm is not found in the environment because many of the GIs lost in Bm have functions associated survival and competition in the soil environment ([@bib17]; [@bib48]; [@bib49]). For instance, at least four of the GIs lost encode for multidrug resistance pumps. In addition, several of the Bp GI encode for secondary metabolite clusters that could act as antibacteriacidals or antifungals ([@bib11]), and thus allow Bp to compete in the soil, whereas Bm would be at a disadvantage.

![Multigenome alignment of eight Bp and seven Bm strains. Each circle represents a genome as presented in Materials and Methods. All genomes are aligned with Bp K96234 genome as a reference, which appears as the outermost multicolored circle. The Bp genomes are the eight outermost circles, and Bm genomes are internal. Areas in each color represent homologies between the subject genome and the reference. Areas in black in the reference chromosome (outermost circle) are regions present in K96243 but absent in query genome. Areas in black in each of the concentric circles are regions present in the query genome but absent from K96243. Representative Bp GIs are shown with red arrows. Representative clusters of Bp-specific genes absent from all Bm genomes (black on the K96243 ring) are highlighted with a yellow arrow.](gbeevq003f01_3c){#fig1}

Since the GI are proposed to be the source of environmental variability in Bp ([@bib17]; [@bib48]; [@bib49]), and given that these are absent from the Bm genome, we hypothesized that the entire genetic complement, or pan-genome ([@bib44]), of Bm would be significantly reduced compared with Bp. Pan-genome analysis confirmed that the Bm strains were remarkably homogeneous in their gene content. The number of new genes dropped off precipitously and essentially leveled off after inclusion of only five genomes, indicating that sequencing additional Bm strains would not reveal a significant number of novel genes ([fig. 2*A*](#fig2){ref-type="fig"}). In other words, essentially all Bm genes will be identified after only 4 or 5 additional genomes are sequenced. In contrast, the number of new genes leveled off much more gradually in Bp ([fig. 2*B*](#fig2){ref-type="fig"}), suggesting that 25--50 new genes will be revealed with each newly sequenced strain.

![Pan-genome analysis of seven Bm and eight Bp strains. The CDSs in all Bm genomes (blue line) and Bp genomes (red line) were compared, and the number of new genes was plotted against the number of genomes used. The blue dashed line represents the extrapolated number of Bm strain-specific genes. The red dashed line represents the extrapolated minimum number of new genes discovered with each Bp genome.](gbeevq003f02_3c){#fig2}

Bm Has a Distinct Variable and Core Genome
------------------------------------------

The Bm core genome is defined as the set of genes that is common to all strains, whereas the strain-specific variable gene sets contain genes that are absent from at least one of the other Bm genomes. The Bm core genome consisted of 3,456 genes, whereas the pan-genome (the core gene set plus variable genes) contained about 2,300 more (roughly 5,700 genes; [table 1](#tbl1){ref-type="table"}). SAVP1 and ATCC23344 had the fewest number of variable genes (1,773 and 1,774, respectively), whereas NCTC10247 had the most (2,413). Many of the core genes had duplicates and paralogs that were considered part of the variable gene set. The total number of duplicates or paralogs in each strain ranged from 240 to 253, most of which were annotated as IS elements. Consistent with the hypothesis that Bm evolved from a single strain of Bp, these Bm variable genes all had orthologs in Bp K96243, suggesting that the mammalian host environment offered no opportunity for new gene influx into the Bm pan-genome. These results suggest that the Bm pan-genome is closed and that the organism has entered an evolutionary bottleneck in the host.

The Bp core- and pan-genomes (ca. 5,300 and 7,500 genes, respectively; [table 1](#tbl1){ref-type="table"}) were larger than those of Bm. The variable genome of Bp ranged from 454 to 837, genes many of which were encoded within GIs. Interestingly, the variable genome in Bm encompassed a larger portion of the genome (33--41%) than in Bp (20.6%), suggesting that even with a relatively narrow genetic base, the genome of Bm is continuing to change, albeit without actual gain of genes to the pan-genome.

It is possible that the large Bm variable genome is an artifact of in vitro culture deletions that led to a loss of virulence ([@bib41]). In vitro culture would remove the selective pressure on genes essential for survival in the mammalian host, leading to the loss of some of these genes. To address this possibility, the analysis was repeated after removing the two avirulent strains (SAVP1 and 2002721280). The size of the variable genome decreased by 610 genes, and accordingly, the core genome increased by 610 genes because those genes were shared among the remaining five strains. Interestingly, none of the 610 genes were lost from both avirulent strains showing that there exist at least two independent traits that are essential for virulence in a mammalian host (see below).

Analysis of functional role categories of variable genes among strains of Bm and of Bp revealed significant differences between the two variable genomes ([table 2](#tbl2){ref-type="table"}) that were consistent with each species life style. Much of the Bp variable genome was associated with phage elements or complete prophage (Ronning CM, Nierman WC, Ulrich RL, DeShazer D, in preparation) and had predominate gene functions of mobile and extrachromosomal elements (29.3%) and DNA metabolism (24.5%; [table 2](#tbl2){ref-type="table"}). These genes were probably acquired through lateral gene transfer in the soil environment. In contrast, the predominant roles in the Bm variable genes are cell envelope, cellular processes, energy metabolism, regulatory functions, and transport and binding ([table 2](#tbl2){ref-type="table"}). These functions are probably essential for survival and competition in the environment but are under lower selection in the host ([@bib5]).

###### 

Percentages of Total Variable Genes within Each Functional Role Category

  Role category                                                *Burkholderia pseudomallei*   *B. mallei*           
  ------------------------------------------------------------ ----------------------------- ------------- ------- ------
  Amino acid biosynthesis                                      1.49                          2.37          2.16    0.89
  Biosynthesis of cofactors, prosthetic groups, and carriers   0.83                          1.55          1.02    0.16
  Cell envelope                                                6.80                          4.78          11.46   2.44
  Cellular processes                                           6.12                          3.44          12.42   3.16
  Central intermediary metabolism                              2.10                          3.12          2.67    0.35
  DNA metabolism                                               24.51                         14.39         0.90    0.21
  Energy metabolism                                            3.57                          4.83          14.42   1.86
  Fatty acid and phospholipid metabolism                       0.66                          1.33          3.89    0.78
  Mobile and extrachromosomal element functions                29.34                         14.70         0.82    0.41
  Protein fate                                                 3.56                          4.18          6.56    1.26
  Protein synthesis                                            0.76                          2.14          1.09    0.41
  Purines, pyrimidines, nucleosides, and nucleotides           0.00                          0.00          1.85    0.78
  Regulatory functions                                         8.84                          5.75          16.78   1.23
  Signal transduction                                          0.00                          0.00          5.37    3.50
  Transcription                                                2.36                          2.39          0.75    0.29
  Transport and binding proteins                               7.33                          6.52          17.85   1.83
  Viral functions                                              1.73                          3.97          0.00    0.00

N[OTE]{.smallcaps}.---Mean, standard deviation, and range are given for eight Bp strains and seven Bm strains. Hypothetical and unknown proteins and proteins of unknown function have been excluded.

Bm Variable Genes Exist in Multigene Contiguous Clusters Flanked by IS Elements
-------------------------------------------------------------------------------

For all Bm strains, the vast majority of the genes that were present in a particular strain but absent from one or more of the other strains tended to occur in contiguous clusters within that strain, with the total number of these variable gene clusters ranging from 9 to 18 for each strain ([table 3](#tbl3){ref-type="table"}). The presence or absence of these variable regions appeared to be the primary difference between Bm strains. In all strains, there were more variable gene clusters on chromosome II than chromosome I, even though chromosome II is smaller. The variable clusters among the seven Bm strains were classified into 24 groups based on sequence homology ([table 3](#tbl3){ref-type="table"}). The number of strains from which each cluster was absent ranged from 1 (clusters A, D, F, G, I, J, L, M, N, P, Q, and R) to 5 (cluster X). The variable regions varied greatly in size, from ∼3.4 kb (cluster N) to ∼269 kb (cluster Q).

###### 

Variable Gene clusters in Bm

          5\' end         3\' end         Size (bp)     Boundary (5\'/3\')           ATCC23344   SAVP1   10299   10247   10399   2002721280   PRL-20   Number of putative virulence genes[a](#tblfn4){ref-type="table-fn"}   NRPS/PKS/Multidrug efflux pump[b](#tblfn5){ref-type="table-fn"}
  ------- --------------- --------------- ------------- ---------------------------- ----------- ------- ------- ------- ------- ------------ -------- --------------------------------------------------------------------- -----------------------------------------------------------------
  A       600,776         612,728         11,953        IS407A                       X                   X       X       X       X            X        1                                                                     
  B       1,000,692       1,080,040       79,349        IS407A                       X                                   X       X            X        11                                                                    RND
  C       1,269,317       1,277,504       8,188         IS407A                       X           X       X       X       X       X                     4                                                                     
  D       2,053,557       2,070,428       16,872        IS407A                       X           X       X       X       X                    X        5                                                                     
  E       2,335,045       2,354,063       19,019        IS407A                       X           X               X       X       X            X        2                                                                     PKS
  F       2,527,011       2,629,142       102,132       ISBm2/IS407A                 X           X       X       X       X                    X        20                                                                    
  G       3,320,410       3,346,619       26,210        ISBm2                        X           X       X       X       X                    X        6                                                                     
  **H**   **104,657**     **170,441**     **65,785**    **IS407A**                   **X**       **X**           **X**   **X**   **X**                 **13**                                                                **RND**
  **I**   **173,242**     **319,417**     **146,176**   **ISBm2**                    **X**       **X**   **X**   **X**   **X**                **X**    **32**                                                                
  **J**   **409,775**     **432,884**     **23,110**    **IS407A**                   **X**               **X**   **X**   **X**   **X**        **X**    **5**                                                                 
  **K**   **567,683**     **655,441**     **87,759**    **IS407A**                   **X**               **X**   **X**   **X**   **X**                 **15**                                                                
  **L**   **658,191**     **733,816**     **75,626**    **IS407A**                   **X**               **X**   **X**   **X**   **X**        **X**    **9**                                                                 **RND**
  **M**   **839,856**     **869,581**     **29,726**    **IS407A**                   **X**               **X**   **X**   **X**   **X**        **X**    **6**                                                                 
  **N**   **895,207**     **898,647**     **3,441**     **ISBm2**                    **X**               **X**   **X**   **X**   **X**        **X**    **1**                                                                 
  **O**   **1,015,758**   **1,061,756**   **45,999**    **IS407A**                   **X**               **X**   **X**   **X**   **X**                 **6**                                                                 **RND, PKS**
  **P**   **1,176,775**   **1,225,744**   **48,970**    **ISBm1/IS407A**             **X**               **X**   **X**   **X**   **X**        **X**    **13**                                                                **NRPS**
  **Q**   **1,518,817**   **1,790,695**   **271,879**   **IS407A**                   **X**               **X**   **X**   **X**   **X**        **X**    **64**                                                                **NRPS, PKS**
  **R**   **2,158,811**   **2,265,535**   **106,725**   **ISBm2**                    **X**       **X**   **X**   **X**   **X**                **X**    **28**                                                                **PKS**
  S       1,136,910       1,145,707       8,798         None/IS407A                              X       X       X               X            X        2                                                                     
  **T**   **783,963**     **817,798**     **33,836**    **IS407A/transposase**                   **X**   **X**   **X**   **X**   **X**                 **18**                                                                
  **U**   **2,650,189**   **2,695,429**   **45,241**    **IS407A**                               **X**   **X**   **X**           **X**                 **0**                                                                 
  V       947,304         951,928         4,625         IS407A/none                                      X       X               X                     1                                                                     
  W       1,809,469       1,823,849       14,381        A, transposase OrfB/IS407A                               X       X       X                     0                                                                     
  **X**   **1,237,829**   **1,245,922**   **8,094**     **IS407A/ISBma2**                        **X**                   **X**                **X**    **1**                                                                 **RND**

N[OTE]{.smallcaps}.---Each variable cluster was assigned a letter. Genomic locations for clusters A--R are from ATCC23344, where the bold font represents those located on chromosome II. Genomic locations for clusters S--W are from NCTC10247 (bold, chromosome II), and cluster X from NCTC10399 chromosome II. An X under each strain signifies that the cluster is presented in that genome.

Virulence genes were determined by using MVirDB as described in Materials and Methods.

NRPS, nonribosomal peptide synthase; PKS, polyketide synthase; RND, resistance nodulation-division like pump.

Most of these clusters were flanked by transposases associated with IS elements, usually of the same type; however, a few were bounded by a transposase on one end only ([table 3](#tbl3){ref-type="table"}). Interestingly, some of these variable regions appeared contiguously in some genomes, for example, clusters C and T in SAVP1 and NCTC10229. By searching the sequence flanking the variable gene clusters against the strains from which the cluster is absent, putative excision points were mapped back to most of the strains ([supplementary table 2](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1) online), which were invariably marked by transposases. In cases where the cluster was lost from several genomes, the excision point was the same in each genome. The results suggest that the variable gene clusters were present in the Bp ancestor and were differentially lost through IS element-mediated excision in different Bm strains.

Interestingly, several of the Bm variable genes had functions associated with survival and competition in a soil environment such as synthesis of secondary metabolites and drug resistance mechanisms. In total, 5/24 of the variable regions contain genes involved in nonribosomal peptide or polyketide synthesis ([table 3](#tbl3){ref-type="table"}). In addition, several metal ion resistance genes and stress-related proteins also belong to the variable gene set (data not shown). Lastly, a different set of five variable regions encode multidrug efflux pumps ([table 3](#tbl3){ref-type="table"}). Interestingly, genomes of NCTC10399 and SAVP1 encoded a 50-kb region containing a multidrug efflux pump that we had previously proposed as the source for aminoglycoside resistance ([@bib32]). Both of these genomes contained the same arrangement at the *amrAB-ompR* locus as Bp (data not shown; [@bib27]) but contain a 6-bp deletion within the coding region of *amrB* that resulted in a two amino acid deletion in a highly conserved transmembrane motif ([@bib37]) toward the C terminus of the protein. Both NCTC10247 and NCTC10299 contained a homolog of *amrA*, but the AmrB protein was truncated at amino acid 244 potentially resulting in sensitivity to aminoglycosides and macrolides. None of the remaining Bm genomes encoded for this region. The finding that this cluster is present in some Bm strains could help explain previous studies where a few of the Bm strains were resistant to aminoglycosides ([@bib45]). A recent study found several aminoglycoside-sensitive clinical Bp isolates, some of which had also lost the entire *amrAB-ompR* locus, whereas others used an entirely different and unknown mechanism to repress expression of the operon ([@bib47]), suggesting that this locus is not necessary for survival in the host.

The Bm Genome Has Undergone a Dramatic Expansion of IS Elements That Mediated Extensive Intrachromosome Rearrangements within the Bm Strains
--------------------------------------------------------------------------------------------------------------------------------------------

### Whole-chromosome Rearrangements

In addition to the IS elements flanking the variable gene clusters, each Bm strain had a considerable repertoire of IS elements (ranging 166--218, [supplementary fig. 1](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1) online). In particular, IS elements of the type IS407A had undergone a significant expansion in all the sequenced Bm strains, accounting for 76% of all IS elements ([supplementary fig. 1](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1) online). Interestingly, most of the IS407A elements in Bm did not have the flanking 4-bp repeat that result from a transposon insertion (88% in chromosome I: 88% and 77% in chromosome II; [@bib10]), suggesting that these elements had been subject to homologous recombination. Bias in base composition among the existing 4-bp repeats suggested that the initial transposon insertions within the chromosome were nonrandom, but rearrangement since then was random ([fig. 3*A*](#fig3){ref-type="fig"}). Whole-genome alignments demonstrated that Bm chromosomes were dramatically and extensively rearranged by recombination across IS407A elements ([fig. 3*B*](#fig3){ref-type="fig"}). Among the Bm strains, none of the IS407A rearrangements occurred between chromosome I and chromosome II. Intriguingly, Bp contained an average of seven IS elements per genome ([supplementary fig. 1](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1) online), but these have not catalyzed such genome-wide rearrangements ([fig. 3*C*](#fig3){ref-type="fig"}). Thus, it is unclear whether there exist environmental selective pressures that maintain Bp's genomic arrangement, as in *Salmonella typhimurium* ([@bib21]) or whether rearrangements occur in Bm due to its high IS element content.

![IS407A rearrangement of whole genomes. (A) Relative occurrence of the nucleotides in the 4-bp direct repeat of IS407A element insertion is shown as bar graphs for each position in the box below. (B) Four fully sequenced Bm genomes were aligned using WebACT. Red lines denote homology between chromosomes organized in the same orientation. Blue lines show homology but inverse orientation in each chromosome. Yellow lines show the presence of IS407A elements. Regions with no homology are shown by the absence of red or blue lines. (C) Four fully sequence Bp genomes were aligned, as described for Bm.](gbeevq003f03_3c){#fig3}

### rrn Rearrangements in Bm

#### Chromosome I

It has been reported that many host-specific pathogens, so called specialists, have undergone considerable ribosomal RNA operon rearrangements when compared with their generalist relatives ([@bib25]). We investigated whether any of the large-scale rearrangements observed in Bm also affected the position and organization of *rrn* operons when compared with Bp. All the finished Bp strains (K96243, 1106a, 1710b, and 668) shared the same number, distribution, and organization of the *rrn* operons. There are three complete operons in chromosome I and one on chromosome II that all share the same order: *rrs*(16S)*---tRNA-Ile---tRNA-Ala---rrl*(23S)*---rrf*(5S). In contrast, in each of the four completely sequenced Bm strains, there were different numbers and distributions of the *rrn* loci ([fig. 4*A*](#fig4){ref-type="fig"}). Each chromosome I had at least one complete *rrn* locus with the same order as described above. However, each Bm strain had lost an entire operon from chromosome I, and the third locus was interrupted at the 1,427 bp of the 23S locus. SAVP1 had an additional remaining degenerate *rrn* locus on chromosome I that had an *IS*407A element interrupting the 23S locus at position 284. This IS element had the 4-bp repeat associated with an insertion event ([@bib10]). Interestingly, the 5S locus was lost at all the degenerate locations. These results suggest that at least two 23S loci in Bm are susceptible to mutations via insertion of IS elements or phages that drive the loss of the 5S gene as well.

![IS407A mediated rearrangements of *rrn* and replichores among Bm strains. (A) *rrn* rearrangements due to IS407A recombinations. The outermost ring corresponds to Bp K96243 but is a representative of all Bp genomes. Green, ATCC23344; orange, NCTC10229; purple, NCTC10247; brown, SAVP1. The brown *rrn* cluster represents the locus rearranged into chromosome II in Bm. Red bars represent degenerate *rrn* loci. (B) guanine/cytosine-skew representation of the NCTC10247 genome generated in DNAplotter ([@bib4]). Green represents a negative guanine/cytosine-skew suggesting ORF are oriented in the negative strand and purple represents a positive guanine/cytosine-skew suggesting ORF oriented in the positive strand. The origin of replication for NCTC10247 chromosome I is predicted at around 2.3 Mb and the termination around 1.0 Mb. (C) Alignment of chromosome II of ATCC23344 with chromosome I of BpK96243 as Bp representative. Regions of homology are represented by blue color. For the sake of clarity, only the genomic regions of interest are depicted.](gbeevq003f04_3c){#fig4}

In addition to the loss of the 3′ sequence at two loci, each of the Bm strains displayed a different organization of *rrn* operons on chromosome I ([fig. 4*A*](#fig4){ref-type="fig"}). Despite a considerable degree of rearrangement, the orientation of the *rrn* operons was always in the direction of replication, consistent with observations in other species ([@bib25]; [@bib42]). However, rearrangements in other species, like *Salmonella* and *Shigella*, almost always resulted in *rrn* operons that are equidistant from the origin of replication ([@bib21]). Compared with Bp, only ATCC23344 had an *rrn* operon at the same distance (0.2 Mb) from the origin of replication. Interestingly, NCTC10247 (reduced virulence strain) had a drastic rearrangement that left the *rrn* locus 1.1 Mb away from the origin of replication and also resulted in a chromosome with differently sized replichores ([fig. 4*B*](#fig4){ref-type="fig"}). It has been proposed that *rrn* loci must be close to the *ori* for adequate expression of ribosomal components necessary during cellular division ([@bib40]; [@bib21]). In addition, *Escherichia coli* strains with differently sized replichores are at a growth disadvantage ([@bib23]). Thus, it is possible that the attenuation in virulence in NCTC10247 can be explained by these genomic constraints. The growth rate of NCTC10247 in rich media over a 24-h span was only slightly slower than NCTC10229 (average *t*~d~ = 191 min and 193 min, respectively). However, during early exponential growth, the doubling time (*t*~d~) of NCTC10247 was 104 min compared with only 79 min for NCTC10229. In an animal host, this difference in growth could be sufficient to explain the attenuation.

#### Chromosome II

Neither of the *rrn* loci on Bm chromosome II have been subject to degeneration. When compared with Bp chromosome II, the additional *rrn* locus could be the result of intrachromosomal duplication of the existing locus or due to an exchange between the two chromosomes. Whole-genome alignments with Bp revealed that this locus was part of a 46-kb interchromosomal exchange between chromosome I and chromosome II flanked by IS407A elements ([fig. 4*C*](#fig4){ref-type="fig"}). This exchange occurred after the divergence between Bp and Bm because all the Bp strains carried this cluster on chromosome I and all Bm stains on chromosome II. As in chromosome I, the organization of the *rrn* loci on Chromosome II was not conserved, and each Bm strain had a different organization around the chromosome. However, all loci are oriented in the same direction of transcription, with none being as close to the origin of replication as the *rrn* locus in the Bp chromosome II.

### fliP IS407A Element Insertions

Bm is nonmotile, and thus, it was originally surprising to find that flagellar biosynthesis genes were present in the ATCC23344 genome with only one obvious mutation: an IS407A insertion into *fliP* ([@bib32]). Comparative analysis of the seven Bm strains showed that all the flagellar genes are present in all strains, but each one has an IS407A element at the same location in *fliP*, 124 bp from the start position. In all of these genomes, the N-terminal disruption of *fliP* also resulted in a 4-bp GACG complementary direct repeat that suggests the IS element was initially introduced via a transposition event. None of the Bp strains have a similar *fliP* mutation. These results suggest that functional flagella are necessary for environmental survival or generalist behavior but not for survival or virulence in the narrow Bm host range. Furthermore, the retention of all other flagellar genes in Bm suggests that those might be used as an alternate secretion apparatus similarly to *Buchnera* spp. ([@bib46]).

Interestingly, three different types of alleles were identified ([fig. 5](#fig5){ref-type="fig"}) among the seven strains. In NCTC10247, NCTC10229, and 2000721280, only the IS407A element disrupts the gene. In ATCC23344, SAVP1, and NCTC10399, an additional 65-kb region was located adjacent to the IS407A element. This region was flanked by phage-associated proteins on the end closest to *fliP*-C terminus and by an ISBma1 element closest of *fliP*-N terminus. In NCTC10247 and NCTC10299, this 65-kb genomic region is located elsewhere on chromosome I, flanked by ISBma and IS407A, suggesting that the arrangement in the latter group is due to a recombination event across the two IS407A elements, perhaps aided by the ISBma1 transposase. A third allele present in PRL-20 shares all the loci present in the ATCC23344 allele, but has at least three additional IS-element flanked insertions, that resulted in 179-kb insertion at *fliP.* None of the other IS407A elements within this region contain the 4-bp complementary direct repeat, further signifying that these insertions were not a result of transposition but instead due to intrachromosomal recombination mediated by IS407A. These observations suggest that genes in the Bm genome under no selection in the equid host will acquire IS insertions, and conversely, those genes without IS may be experiencing selection in the host.

![Genomic organization of the *fliP* locus in Bp and Bm. The wild-type *fliP* locus is present in all Bp. The *fliP* CDS is represented by dark purple rectangles. The NCTC10247 allele is interrupted by an IS407A (aquamarine) element. In ATCC23344, an ISBma1 (gray) is located upstream of the IS407A element and an additional 65 kb was inserted at this location. PRL20 had additional IS407A mediated insertions into *fliP.* Figures are not to scale, and IS407A elements in PRL-20 were made smaller.](gbeevq003f05_3c){#fig5}

Loss of Virulence Is Explained by IS-Mediated Loss of Essential Gene Clusters
-----------------------------------------------------------------------------

We wished to determine if any of the variable clusters contained virulence genes, particularly those absent from the two avirulent and one attenuated strain. Putative virulence genes were identified by blasting against the MvirDB database ([@bib53]; [supplementary table 3](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1) online). Several of the clusters contained putative virulence genes, five of which (groups D, F, G, I, and R) were absent only from the avirulent strain 2002721280 and five (groups J, L, M, P, and Q) were absent solely from avirulent strain SAVP1. It has recently been reported that SAVP1 lacked the entire animal type III secretion system (TTSS) gene complex that was essential for virulence ([@bib32]; [@bib50]; [@bib41]). The TTSS was encoded in the variable gene cluster P ([table 3](#tbl3){ref-type="table"}) that was lost through IS-mediated deletion in SAVP1 but was present in all other Bm stains. Because of its obvious virulence deficiency, no further analysis was done on this strain.

Analysis of the other avirulent strain did not immediately result in an obvious virulence defect. However, clusters D and F were lost through IS407A recombination. These clusters contain amino acid synthesis and transporters that probably resulted in a strain auxotrophic for lysine and ornithine and at least partially deficient in its capacity to uptake several amino acids (glutamate, aspartate, leucine, valine, and isolecuine). Indeed, 200272180 did not grow on minimal media (data not shown). Thus, it is likely that these deficiencies are sufficient to explain the lack of virulence observed in 2002721280, as was demonstrated for a branched-chain amino acid auxotroph of Bp ([@bib3]). Alternatively, the presence of large numbers of regulatory genes within the variable gene clusters lost from 2002171280 may, together with the identified virulence genes present within the clusters, influence the virulence phenotype of this strain.

The attenuation of virulence observed in NCTC10247 could not be explained solely by the loss of genes. Only two variable gene clusters were absent from NCTC10247 (groups B and X), but these two groups also were absent from other virulent strains, suggesting that the attenuation may be due to the loss of a single or a few genes rather than a whole cluster. However, pairwise comparisons of each of the six other strains compared with NCTC10247 showed it has lost very few genes compared with any of the strains, and in fact, NCTC10229 had no unique genes relative to NCTC10247. These results were surprising because the other avirulent strains appeared to have lost their virulence through gene loss while cultured in the laboratory. Thus, the mechanism of attenuation is not clear from genomic data and could be due to differential transcriptional control or other reasons such as the disequilibrium of the replichores as discussed above.

The Bm Core Genome Is Under Stronger Purifying Selection Than the Variable Genome
---------------------------------------------------------------------------------

To evaluate the evolutionary forces that affect the variable regions in Bm genomes, we constructed detailed alignments and calculated the evolutionary rates for Bm orthologous gene pairs. Significant differences between rates of synonymous (dS) and nonsynonymous (dN) substitutions in the variable and core coding regions of Bm genomes were detected. Both dN and dS values were on average significantly lower for the core gene set: 0.0013 versus 0.0020 for dN (*P* = 0.0005) and 0.0026 versus 0.0033 for dS (*P* = 0.0005). However, the selection pressure on nonsynonymous sites varied dramatically between core and variable genes, indicating the existence of stronger purifying selection pressure on Bm core genes. The same trend was observed for virulent strains alone. When three avirulent or attenuated strains were excluded from the analysis, average dN values for the core gene sets were significantly lower than for variable genes (*P* \< 0.03). Although overall dN/dS ratios were significantly different between variable and core genes (*P* \< 0.001), a large fraction of completely conserved genes (with dS and/or dN equal to 0) was found in both groups ([fig. 6](#fig6){ref-type="fig"}) but was lower for variable genes (*P* \< 0.005). This trend of higher conservation in the core genes was observed for all individual analyzed strains as well (data not shown), indicating stronger purifying selection on these genes. The observed stronger purifying selection on the core genes is consistent with the hypothesis that the variable genes experience reduced selective pressure within the mammalian host.

![Distribution of dN/dS in variable and core genes of Bm genomes aligned with corresponding regions of the reference strain ATCC 23344. dN and dS rates were calculated as described in Materials and Methods. Cumulative data for the seven Bm strains is shown.](gbeevq003f06_3c){#fig6}

Phylogenetic Analysis of Bm
---------------------------

An initial phylogenetic analysis comparing the Bm and Bp reference strains relative to nine other *Burkholderia* spp. and to *P*. *aeruginosa* illustrated the close identity of Bm and Bp ([supplementary fig. 2](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1) online). The two species clustered with the avirulent *B. thailandensis* and were distinct from the other *Burkholderia* spp. as reported previously ([@bib24]). We performed phylogenetic analysis of the Bm species, first using a single nucleotide polymorphism (SNP)-based approach and then by indel analysis. Phylogenetic reconstructions using 515 SNPs as characters indicated that Bm is a monophyletic group and highly consistent with a strictly clonal pattern of evolution ([supplementary fig. 3*A*](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1) online). There were 253 SNPs unique to individual strains and the remaining 262 SNPs defined a highly robust tree with 34 homoplastic SNPs (all nodes had 100% bootstrap support) and a consistency index of 0.84. The root of the tree was determined by polarizing the SNP character states as ancestral or derived by comparison the Bp strain K96243.

In contrast, indel phylogeny based upon whole-gene differences resulted in a poorly resolved topology and a lower consistency index (0.62; [supplementary fig. 3*B*](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1) online). We found 6,683 genes differing among the seven strains, which was astounding for a recently emerged pathogen. In this analysis, three pairs of highly similar strains clustered together and their association was consistent with the SNP-based tree. The deeper topology, however, was not consistent between the phylogenies. The indel-analysis tree had a four-node polytomy, illustrating the lack of topological resolution.

Different rates of character evolution were clearly seen when gene indels were placed on the SNP-based phylogeny ([fig. 7](#fig7){ref-type="fig"}). Some branches had a very large number of gene indels (e.g., 2,284 and 2,552) relative to other branches (0, 3, 45, etc.) of comparable SNP length. Of the 5,683 gene indels analyzed, 997 require two or more "map locations" on the SNP-based tree (data not shown). Superimposing the variable gene cluster data from [table 3](#tbl3){ref-type="table"} revealed that those indels belonged to clusters that had been differentially lost in different strains ([fig. 7](#fig7){ref-type="fig"}). The results from the phylogenetic trees support the hypothesis that Bm evolved from a single Bp ancestor whose genome has been continually rearranged, accompanied by the loss of clusters of genes from different strains in a process of convergent evolution.

![Evolutionary tree of Bm showing the number of genes deleted and the evolutionary point of change. In total, 5,686 gene changes can be mapped onto this tree in a manner that assumes only single evolutionary deletion events. Conversely, 997 gene changes require 2 or 3 independent deletions of the same gene. Because we did not compare these genes with Bp, we do not know the ancestral state for 45 of these genes. These 45 genes could be additions or deletions with equal parsimony with mutations occurring along the basal branches of this tree. Letters in red represent the variable regions lost in each branch.](gbeevq003f07_3c){#fig7}

Discussion
==========

MLST analysis provided data supporting the evolution of Bm from a single strain of Bp ([@bib14]). The results presented here from comparative genomic analysis between Bm strains and relative to Bp provide further evidence that Bm arose as a founder population from a single Bp strain, most likely after colonization of an equine-like ancestral host. The evolution of Bm from a Bp ancestor was a result of IS-mediated gene loss and genomic recombination that resulted after genes that provided adaptability to variable environments were no longer under selection in a host. These extraneous genes provided expansion targets for the resident IS element population. Homologous recombination then ensued across IS elements, leading to beneficial genomic losses. Genome evolution continues in Bm, leading to strains that are fitter under different pressures. Our results support the notion that virulence is multifactorial because no gene losses were common among the avirulent and attenuated strains. In addition, the results agree with the hypothesis of genome reduction and erosion as an adaptation to intracellular lifestyle ([@bib33]; [@bib5]).

IS element-mediated gene loss in Bm was random and continues to be a major evolutionary mechanism for this species; however, only viable strains can be isolated from an animal host. Random gene loss is evidenced by the unsystematic distribution of variable gene clusters across Bm strains ([table 3](#tbl3){ref-type="table"}), and the independent loss of variable clusters in different branches of the phylogenetic tree ([fig. 7](#fig7){ref-type="fig"}). In previous laboratory studies, IS407A-mediated gene loss and recombination were observed frequently in vitro ([@bib10]; [@bib32]), and in some cases resulted in lower fitness in an animal host as in SAVP1 ([@bib41]) and 200272128. Genomic inversions and rearrangement were a natural outcome of IS expansion with no explicit benefit to Bm, but in some cases, such as NCTC10247, potentially detrimental to the fitness of the organism. This phenomenon of excess IS and other repetitive elements in Bm which mediate recombination and hence rearrangements has been observed in closely related species of other genera, for example, *Bordetella* ([@bib36]), *Shigella* ([@bib51]), *Yersenia* ([@bib15]), *Orientia* ([@bib30]), and *Clostridium* ([@bib29]), to name a few.

Reconstruction of the ancestral Bp isolate is impractical. First, essentially all the genes in the pan-genome of Bm have already been elucidated ([fig. 2](#fig2){ref-type="fig"}), meaning that the closest common ancestor to all Bm strains is most similar to either NCTC10247 or NCTC10399 which harbor the greatest number of variable gene clusters and including those clusters that were lost from each strain (B and X or S, U, and V, respectively). Second, because all the Bp GI have been lost in Bm, it is impossible to infer which, if any, of these GI were present in the ancestor. [@bib43] found a large number of Bp isolates that have lost all but two of the GIs. Therefore, it is possible that the ancestral Bp strain looked very similar to one of these GI-deficient Bp isolates. Interestingly, those Bp strains were more commonly associated with environmental isolation, rather than human or animal hosts ([@bib43]). Our results from Bm are in better agreement with the findings that there was little correlation between GI content and disease symptoms in melioidosis patients ([@bib49]), as all GIs were lost in assuming an obligate mammalian parasite lifestyle. Last, each of the Bm chromosomes has undergone such dramatic rearrangements ([fig. 4](#fig4){ref-type="fig"}) that make it almost impossible to discover the ancestral organization of the genome. Although it is possible to conduct a simple concatenation of synteny blocks on known Bp genomes, it is likely that the ancestral Bp strain itself was also rearranged in the process of losing the GIs.

It is noteworthy that the massive intrachromosomal shuffling of gene clusters has occurred with an almost complete absence of interchromosomal recombination. There were no observed interchromosomal exchanges among the any of Bm strains. However, the Bp ancestral strain underwent an interchromosomal exchange that encompassed one of the *rrn* and an anthranilate-resistance operon ([fig. 5](#fig5){ref-type="fig"}) in chromosome I. This cluster is located in chromosome II and is flanked by IS407A elements in Bm but not in the Bp genomes. Thus, it is difficult to conclude whether the exchange was induced by IS407A elements that had incorporated into chromosome I of the ancestor or whether the rearrangement sites were hot spots for IS407A insertion after exchange into chromosome II. Interchromosomal *rrn* exchange was observed in *Bartonella* spp. and *Brucella suis* biovar 3 ([@bib19]; [@bib2]). However, in both of these genera, the *rrn* exchange occurred from the smaller to the larger replicon, ultimately leading to a reduction in the chromosome number. In Bm, the opposite occurred perhaps as a mechanism to maintain some of the essential genes in the smaller replicon.

Analysis of the shotgun assemblies of other Bp strains revealed that Bp1655 and Bp406e have also undergone dramatic changes in their *rrn* operon content and organization (data not shown). In contrast to Bm that has lost the 3′ end of *rrn* loci, each of these Bp strains has lost the 5′ region of at least one *rrn* locus through recombination across the 23S CDS. These recombinations have resulted in two out of only three major chromosomal rearrangements observed in Bp (Nandi T, et al., in preparation.). Combined, these results suggest that the 23S locus of both Bp and Bm are hot spots for chromosomal rearrangement and provide further evidence that Bm is the evolutionary product of a single Bp ancestor.

Even though the Bp genome is larger overall, Bm has a larger variable (or accessory) genome. Some explanations are possible for this observation: 1) Bm is an active intermediary step between a "generalist" and an obligate pathogen ([@bib33]; [@bib5]). In this case, each Bm strain still carries many genes that granted its Bp ancestor its generalist status. Given enough time, most of these genes would be eroded, resulting in a much smaller genome. 2) The inclusion of reduced virulent strains resulted in an artificially large variable genome because these strains lost IS-defined regions essential for in vivo survival ([@bib41]). Certainly, Bm isolated from animals do not resemble SAVP1 or 2002721820 but continuing evolution outside of a host must also account for variability within a species. Compared with Bp, the Bm variable genome functions are not very diverse. Functional role category analysis ([table 2](#tbl2){ref-type="table"}) allows us to speculate that Bp has unlimited access to variable genes via lateral transfer and through other means not available to Bm, including phage (Ronning CM, Nierman WC, Ulrich RL, DeShazer D, in preparation). These data show that Bm has entered a population bottleneck and that the small effective population size has further contributed to the homogeneity and reduced genome size of Bm. The resulting Bm population has been at a competitive disadvantage outside of the mammalian host and thus is never isolated from the natural environment.

In summary, our results provide very strong evidence that Bm evolved from a single Bp ancestor through genetic loss and genome rearrangements mediated across IS elements. Bm strains continue to evolve in vivo and in vitro and is another snapshot in our growing understanding of genomic erosion in the path toward adaptation to intracellular lifestyles observed in so many other bacterial pathogens. Further studies into the specific traits lost in avirulent Bm strains, and the potential role of large-scale rearrangements in the reduction of virulence need to be pursued in order to achieve a full understanding of the pathogenicity of Bm.

Funding
=======

This project has been funded with federal funds from the National Institute of Allergy and Infectious Diseases, National Institutes of Health, Department of Health and Human Services under contract number N01-AI-30071.

Supplementary Material
======================

[Supplementary tables 1](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1)--[3](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1) and [supplementary figures 1](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1)--[3](http://gbe.oxfordjournals.org/cgi/content/full/evq003/DC1) are available at *Genome Biology and Evolution* online (<http://www.oxfordjournals.org/our_journals/gbe/>).

###### \[Supplementary Data\]

[^1]: These authors contributed equally to this work.

[^2]: **Associate Editor:** William Martin
